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(57) A supported catalyst comprising a carbon fibril 
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Description 

Background of the Invention 

5 [0001] The invention relates to catalyst supports, supported catalysts and methods of making and using them in 
heterogeneous catalytic reactions. 

[0002] Heterogeneous catalytic reactions are widely used in chemical processes in the petroleum, petrochemical 
and chemical industries. Such reactions are commonly performed with the reactant(s) and product(s) in the fluid phase 
and the catalyst in the solid phase. In heterogeneous catalytic reactions, the reaction occurs at the interface between 

10 phases, i.e., the interface between the fluid phase of the reactant(s) and product(s) and the solid phase of the supported 
catalyst. Hence, the properties of the surface of a heterogeneous supported catalyst are significant factors in the ef- 
fective use of that catalyst. Specifically, the surface area of the active catalyst, as supported, and the accessibility of 
that surface area to reactant chemisorption and product desorption are important. These factors affect the activity of 
the catalyst, i.e., the rate of conversion of reactants to products. The chemical purity of the catalyst and the catalyst 

15 support have an important effect on the selectivity of the catalyst, i.e., the degree to which the catalyst produces one 
product from among several products, and the life of the catalyst. 

[0003] Generally catalytic activity is proportional to catalyst surface area and high specific area is therefore desirable. 
However, that surface area must be accessible to reactants and products as well as to heat flow. The chemisorption 
of a reactant by a catalyst surface is preceded by the diffusion of that reactant through the internal structure of the 
20 catalyst and the catalyst support, if any. The catalytic reaction of the reactant to a product is followed by the diffusion 
of the product away from the catalyst and catalyst support. Heat must be able to flow into and out of the catalyst support 
as well. 

[0004] Since the active catalyst compounds are often supported on the internal structure of a support, the accessibility 
of the internal structure of a support material to reactant(s), product(s) and heat flow is important. Porosity and pore 

25 size distribution are measures of that accessibility. Activated carbons and charcoals used as catalyst supports have 
surface areas of about 1 000 square meters per gram and porosities of less than one milliliter per gram. However, much 
of this surface area and porosity, as much as 50%, and often more, is associated with micropores, i.e., pores with pore 
diameters of 2 nanometers or less. These pores can be inaccessible because of diffusion limitations. They are easily 
plugged and thereby deactivated. Thus, high porosity material where the pores are mainly in the mesopore (>2 na- 

30 norrieters) or macropore (>50 nanometers) ranges are most desirable. 

[0005] It is also important that supported catalysts not fracture or attrit during use because such fragments may 
become entrained in the reaction stream and must then be separated from the reaction mixture. The cost of replacing 
attritted catalyst, the cost of separating it from the reaction mixture and the risk of contaminating the product are all 
burdens upon the process. In other processes, e.g. where the solid supported catalyst is filtered from the process 

35 stream and recycled to the reaction zone, the fines may plug the filters and disrupt the process. 

[0006] It is also important that a catalyst, at the very least, minimize its contribution to the chemical contamination 
of reactant(s) and produces). In the case of a catalyst support, this is even more important since the support is a 
potential source of contamination both to the catalyst it supports and to the chemical process. Further, some catalysts 
are particularly sensitive to contamination that can either promote unwanted competing reactions, i.e., affect its selec- 

40 tivity, or render the catalyst ineffective, i.e., "poison- it. Charcoal and commercial graphites or carbons made from 
petroleum residues usually contain trace amounts of sulfur or nitrogen as well as metals common to biological systems 
and may be undesirable for that reason. 

[0007] While activated charcoals and other carbon-containing materials have been used as catalyst supports, none 
have heretofore had all of the requisite qualities of porosity and pore size distribution, resistance to attrition and purity 
45 for the conduct of a variety of organic chemical reactions. 

OBJECTS OF THE INVENTION 

[0008] It is therefore a primary object of the invention to provide improved catalyst supports and supported catalysts 
50 for heterogeneous catalytic reactions for use in chemical processes in the petroleum, petrochemical and chemical 
industries. 

[0009] It is a further object of the invention to provide improved, substantially pure, carbon catalyst support of high 
porosity, purity and resistance to attrition. 

[0010] It is another object of the invention to improve the activity and selectivity of supported catalysts. 
55 [0011] It is still a further object of the invention to provide improved methods for preparing supported catalysts. 

[0012] It is still a further and related object of the invention to improve the economics and reliability of making and 
using supported catalysts. 
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SUMMARY OF THE INVENTION 

[0013] The invention is in a supported catalyst for conducting a fluid phase catalytic chemical reaction, processes 
for performing a catalytic chemical reaction in fluid phase using the supported catalyst and a process for making the 
5 supported catalyst. 

[001 4} The supported catalyst of the invention comprises a support comprising a carbon fibril aggregate and a cat- 
alytically effective amount of a catalyst supported thereon. The fibril aggregates comprise a plurality of carbon fibrils, 
each comprising multiple, essentially continuous, generally parallel layers of ordered graphitic carbon. In a preferred 
embodiment these graphitic layers are disposed in substantially parallel relation to the central axis of the fibril and a 
w preponderance of the fibrils have an external diameter of about 3.5 to 75 nanometers and a length-to-diameter ratio 
of at least about 5. 

[001 5J Fibril-aggregate-supported catalysts of the present invention have unique properties. They are exceptionally 
macropbrous and they are pure and they are resistant to attrition and consequently can be separated from a fluid phase 
reaction medium over a long service life. The uniquely high macroporosity of carbon fibril aggregates, the result of their 

is macroscopic morphology, greatly facilitates the diffusion of reactants and products and the flow of heat into and out of 
the supported catalyst. This unique porosity results from a random entanglement or intertwining of fibrils that generates 
an unusually high internal void volume comprising mainly macropores in a dynamic, rather than static state. Sustained 
separability from fluid phase and lower losses of catalyst as fines also improves process performance and economics. 
Other advantages of the fibril aggregates as catalyst supports include high purity, improved catalyst loading capacity 

20 and chemical resistance to acids and bases. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] 

25 

Fig. 1 is a schematic diagram of a catalytic reaction process performed with fibril-aggregate supported catalysts 
of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0017] The carbon fibril aggregates used as catalyst supports in the invention are formed of a plurality of carbon 
fibrils characterized by an outer region of multiple, essentially continuous, generally parallel layers of ordered graphitic 
carbon atoms. The orientation of these layers with respect to the central axis of the fibril may vary from substantially 
parallel i.e. 0° angle of inclination to substantially perpendicular i.e., 90° angle of inclination. 
[001 8] In a preferred embodiment of the invention, the layers of graphitic carbon are in a substantially parallel rela- 
tionship and a preponderance of fibrils have an external diameter of about 3.5 to about 75 nanometers, a length-to- 
diameter ratio of at least about 5 and preferably at least 100 or even 1000. 

[0019] Such carbon fibrils are described in Tennent et al., U.S.S.N. 871,676, filed June 6, 1986 ("Novel Carbon 
Fibrils, Method for Producing Same and Compositions Containing Same"), Tennent et al., U.S.S.N. 871 ,675, filed June 
6, 1986 ("Novel Carbon Fibrils, Method for Producing Same and Encapsulated Catalyst"), Snyder et al., U.S.S.N. 
149,573 filed January 28, 1988 ("Carbon Fibrils"), Mandeville et al., U.S.S.N. 285,817 filed December 16, 1988 ("Fi- 
brils"), and McCarthy et al., U.S.S.N. 351,967 filed May 15, 1989 ("Surface Treatment of Carbon Microfibers"), all of 
which are assigned to the same assignee as the invention here and are hereby incorporated by reference. Other carbon 
fibrils include those having a fishbone morphology ("FB") as described in U.S. Patent No. 4,855,091 to Geus et al. 
[0020] Carbon fibril aggregates of the invention have a variety of macroscopic morphologies as determined by scan- 
ning electron microscopy, including bird nest ("BN"), combed yam ("CY") and open net ("ON"). Bird nest aggregates 
resemble bird nests and are characterized by individual carbon fibrils randomly entangled with each other to form 
entangled balls of carbon fibrils. Combed yarn aggregates resemble combed yam and are comprised of bundles of 
straight to slightly bent or kinked carbon fibrils having substantially the same relative orientation with respect to each 
other. In other words, the longitudinal axis of each carbon fibril, despite individual bends or kinks, extends in the same 
genera) direction as that of the surrounding fibrils in the bundles. Open net aggregates resemble an open net and 
comprise straight to slightly bent or kinked carbon fibrils that are loosely entangled with each other. Open net aggregates 
have a degree of fibril entanglement that is greater than that observed in combed yarn aggregates in which the individual 
fibrils have substantially the same relative orientation, but that is less than that of bird nest aggregates. Combed yam 
and open net aggregates are more readily dispersed than bird nest aggregates. 

[0021 ] The random entanglement of fibrils in the bird nest (BN) morphology or the partially (loosely) intertwined fibrils 
in the combined yam (CY) morphology results in a unique porosity and pore structure. Since the individual fibrils are 
in the range of 3.5-70 nanometers in diameter, the pores formed by the entangled or loosely intertwined strands are 
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of comparable dimensions. Additionally, since the strands are not chemically or physically attached other than bv 
relavetyweakvanderWaalsattractio 

re.ahve to each other can occur either randomly or on demand. T^us. the pores are in a "dynamic" rather than ^att 

SSf S2„ SSo , meS °" ° r maCr0pores - This is hi 9 h, V advantageous for performing catalytic reactions 

[0022] Carbon tonl aggregates are prepared by contacting a carbon-containing gas with a metal catafyst in a reactor 

attemperatureand otherconditionssufficienttoproduc^them with the above-descnledfibrilsS^ 
aggregate morphology. Reaction temperatures are 400-850° C more preferably 600W?Sr^ 

» « J^SsSi^Z) ' ' *• ™ ¥M!mm - ,un9S,e "' " a,^om " ,m, ' G " > " p VIIA <•*• 

[0023] The macroscopic morphology of the fibril aggregate, i.e whether ft is a corned ™^ « ♦ u- ^ 
iscontroHedbythechoiceofthecatafystsuppomhatl^sedinpro^ 

carbon f.bnls in random directions leading to the formation of bird nest aggregates cZltLTZTlnTT 9 
gatesare prepared using supports having one ormorereadi.ycleavab.epS 

aToS^ 

Preferred support materials for making fibril aggregates include spherical fumed alumina and activated alumina or 

[0024] It ,s believed that .n the formation of combed yarn and open net fibril aggregates that depbSon of a catalvot 
on a support comprising readily cleavable planar surfaces allows the carbon fibrils to aSfcrt aSSJ^ft^ * 

nLc, . aSS ' 9nee 38 the inVenli0n here and are hereb V incorporated by reference 9 l ° 

MethodsanS^ 

rability from fluid phase owing to their resistance to attrition below a size of about o s mirrL L«Z excellen s ^ a 
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[0029] Carbon fibril aggregate catalyst supports have a high internal void volume that ameliorates the oluoaino «*> 
co^eTdtdmus" Vari ° US TT ; M ° re0Ver - prep °" derance °< ^ Pores obv J^SSSE en 

Attrition . The T fibril !" re9ate Ca,alySt SUpp0rts of the inven,ion have N»*ved physical strenqth and resist 
attrfhon. In norma, serv.ce they attrit only to a size of about two microns. When severe attrition do* oSr the 

am, am.«« enc*p,„l.,,d calyUc man,, compound, ramaln.n^om ft. p^ST^E^S 

gngtt. . in any c**y., ayalan, amaaaWa to ft. ua. „, a cmo. i£S? tZ ZSmcSXtSL 

catatyst. Further, carbon fibril aggregates permit high catalyst loadings per unit weight of fibril and this 3« * 

METHOD OF MAKING SUPPORTED CATALYSTS 

[0035]_ Supported catalysts are made by supporting a catalytically effective amount of a catalvst on th* fihrii 

gate support or by forming it in situ arid the catalyst may be either active before it is Dl«rSn tL . 99 

[0037] The catalyst, such as a coordination complex of a catalytic transition metal such as oalladium rh«H.,, m „ 
platmum, and a ligand, such as a phosphine, can be adsorbed by slurrying the fibril tS^S ^'.^n TtK 
catatyst or catatyst precursor for an appropriate time.for the desired loading " 9 °' 

[0038] In impregnation by incipient wetness, a solution of the catalvst or catalvst nr^ii^rioohc^ 
ftrt aggregate just to the point of saturation. Since the interna. j52f IL ^ 

.oadings in excess of 2-3 g of active catatyst/g of fibril aggregate can b obtTed (e "2 9 g 5JS2TSS2 
aggregate). Multiple impregnations can result in even higher loadings 9 Zn(OAc) 2 /g BN ,lbnl 

Fhrirr 3 !^ 
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[0040] Aggregate-supported catalytic metal oxides and hydrated oxides can be prepared by precipitating them from 
aqueous solutions of water-soluble salts of the metals, such as by adjusting the pH of the solution. The corresponding 

sulfides can be made from these oxides and hydrated oxides. U.S. Patent Application Serial No. , 

filed on even date by David Moy and Asif Chishti entitled "Improved Methods and Catalysts for the Manufacture of 
Carbon Fibrils'' the disclosure of which is incorporated here by reference, describes such precipitation in the context 
of fibril aggregate-supported catalysts for making fibrils and fibril aggregates. 

[0041 ] Fibril aggregates can be wetted with a catalyst precursor, such as a metal cation or metal complex in a suitable 
solvent system, dried, and then wetted with an activator, such as a suitable anion in a suitable solvent system or an 
acid or base in a suitable solvent, so as to produce the catalyst in situ within the fibril aggregate structure. As an 
alternative, the sequence may be reversed. 

[0042] Still another method of making a supported catalyst is by adsorbing a catalyst precursor, such as a cation or 
metalate of a catalytic transition metalin solution, onto the fibril aggregate and then reducing or oxidizing the precursor 
to the catalyst, such as to the metal or metal oxide. 

[0043] The catalyst can also be coprecipitated onto the fibril aggregate along with another material, such as a material 
that is compatible with both the catalyst and the fibril aggregate where the catalyst is not compatible with the fibril 
aggregate. This technique opens the range of candidate catalysts for support by the fibril aggregates. For instance, a 
ferric oxide (Fe 2 0 3 ) catalyst can be coprecipitated with alumina (AI2O3) or molybdena (M0O3) to form a coprecipitated 
mixed oxide catalyst, which may be reduced prior to the intended reaction, supported oh the fibril aggregate. 
[0044] Further, the fibril aggregate support may be pretreated with an acid and/or base before being imparted with 
catalytic activity. 

[0045] Carbon fibril aggregates can be used to support catalysts other than those which are normally supported on 
carbon. A cosupport such as alumina, magnesia, silica, silica-alumina, silica-magnesia or a zeolite can be deposited 
or formed within a fibril aggregate and provide a support for a catalyst that is amenable to use only with the cosupport 
and still be effective because of the porosity of the fibril aggregate. By the same token a catalyst and a compatibility 
material can be coprecipitated on the fibril aggregate with the catalyst not otherwise being capable of attachment to a 
fibril aggregate, in other words, the porosity of fibril aggregates permit them to hold cosupport or coprecipitated catalyst 
material and still have sufficient porosity to provide access 'to reactant(s), product(s) and heat flow. Because of the 
very low bulk densities of carbon fibril aggregates (0.08-0.15 g/cc) and the resistance to attrition to less than 0:5 micron, 
the resulting cosupported or mixed oxide catalysts are suitable for fluidized bed or other catalytic processes requiring 
attrition resistance. . 
[0046] in addition, the surfaces of the individual fibrils in the aggregate can be modified in order to either increase 
surface area or to modify their chemical properties to make them amenable to support of an even broader range of 
catalyst materials. It is also possible, because of the extreme porosity to apply multiple layers of materials to these 
surfaces. 

METHODS OF USING SUPPORTED CATALYSTS 

[0047] Carbon fibril aggregates are candidates for use as catalyst supports for catalysts that heretofore utilized car- 
bon as a support material. These catalysts may catalyze substitution - nucleophilic, electrophilic or free radical; addition 
- nucleophilic, electrophilic, free radical or simultaneous; p-elimination; rearrangement - nucleophilic, electrophilic or 
free radical; oxidation; or reduction reactions. The foregoing reactions are defined in March, J. Advanced Organic 
Chemistry (3rd ed., 1985) at pp. 180-182. See also Grant and Hackh's Chemical Dictionary (5th ed. 1987). More 
particularly, carbon fibril aggregates of the invention may be used as catalyst supports for catalysts for slurried liquid 
phase precious metal hydrogenation or dehydrogenation catalysis, Fischer-Tropsch catalysis, ammonia synthesis ca- 
talysis, hydrodesulfurization or hydrodenitrogenation catalysis, the catalytic oxidation of methanol to formaldehyde, 
and fibril- and/or fibril aggregate-forming catalysts. Typical heterogeneous catalytic reactions and the catalysts that 
are candidates for support on fibril aggregates are set forth in Table I below. 
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[0048] The process of performing a heterogeneous catalytic chemical reaction in fluid phase with supported catalysts 
of the invention comprises contacting a reactant with a supported catalyst in fluid phase under suitable reaction con- 
ditions. The process may be a batch process or a continuous process, such as a plug flow process or a gradientless 
process, e.g. , a f luidized bed process. The supported catalysts of the invention are particularly useful in catalytic proc- 
esses where the reaction environment subjects the supported catalyst to mechanical stresses such as those using 
liquid phase slurry reactors, trickle bed reactors or fluidized bed reactors. The attrition resistance and high loading 
capability of the supported catalyst are particularly beneficial in these environments. 

[0049] In a batch process, the reactant(s) are reacted in the presence of the supported catalyst in a reaction vessel, 
preferably under agitation, and then the supported catalyst is separated from the reactant(s)/product(s) mixture by 
suitable means for reuse, such as by a filter or a centrifuge. 

[0050] Fig. 1 schematically illustrates a batch hydrogenation process 1. Supported catalyst is placed in a batch 
reaction vessel 10 to which hydrogen and reactant are added. The vessel is closed and the hydrogenation reaction 
performed under agitation. On completion of the reaction, the vessel contents are passed through line 14 to a filter 20 
where the supported catalyst is separated and returned to the reaction vessel 10 via return line 22 and the remainder 
of the vessel contents passed to the next stage of the process via line 24. 

[0051] In a plug flow process, the reactant(s) pass through a stationary bed of supported catalyst, such that the 
concentration of produces) increases as the reactant(s) pass through the catalyst bed. Any supported catalyst that 
becomes entrained in this flow can be separated by suitable means from the reactant(s)/product(s) stream and recycled 
into the bed. 

[0052] In a moving bed or fluidized bed process, the supported catalyst is fluidized or entrained with the flow of 
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reactant(s) in the process. The supported catalyst flows concurrently with the reactant(s)/product(s). At the end of the 
reaction step, any entrained supported catalyst is separated from the unreacted reactant(s)/product(s) stream, such 
as by filter, centrifuge or cyclone separator, and recycled to the beginning of the reaction step. 
[0053] In a fluidized bed process, a bed of the supported catalyst is f luidized but remains within the bounds of a fixed 
5 zone as the reactant(s) move through the bed and react to form product(s) . In this situation any supported catalyst that 
becomes entrained in the reactant(s)/product(s) stream may be separated by suitable means and returned to the 
fluidized bed. 

[0054] In a further form of continuous process, the supported catalyst moves counter-current to the flow of reactant 
(s). For example, the reactant may be introduced as a gas into the base of a vertical reaction vessel and removed from 
10 the top as product(s). The supported catalyst is introduced at the top of the vessel and cascades turbulentry downwardly 
through the upward gas flow to be withdrawn from the bottom for recycle to the top of the vessel. Any supported catalyst 
entrained in the gas flow exiting the vessel could be separated and recycled to the top of the vessel for recycle into 
the reaction vessel. 

[0055] The fibril aggregate supports of the invention can also be used as supports for what would otherwise be 
*5 homogeneous catalysis, a technique sometimes called supported liquid phase catalysis. Their use as supports permits 
homogeneous catalytic processes to be run using heterogeneous catalysis techniques. In supported liquid phase ca- 
talysis, the reactant(s) and catalyst are molecularly dispersed in the liquid phase that is supported within the structure 
of the fibril aggregate. 

[0056] The high internal volume of fibril aggregates, as evidenced by their porosity, permits them to be loaded with 
20 a liquid phase catalyst, much like a sponge, and used as a catalyst, but in a solid particle form. Each catalyst-loaded 
fibril aggregate can be viewed as a microreactor in that the interior of the aggregate is loaded with a continuous liquid 
phase containing catalyst or a plurality of droplets of catalyst in solution. Consequently, the aggregate behaves both 
as a solid particle for material handling purposes and as a homogeneous liquid catalyst for reaction purposes. The 
usefulness of carbon fibril aggregates is aided in this regard by their chemical stability. The advantages in using ho- 
25 <mogeneous catalyst-loaded fibril aggregates are the ease of separating the catalyst from the product stream, ease in 
carrying out the process, equipment sizing and in avoiding corrosion in the condensed liquid phase. 
: [0057] Fibril aggregates are amenable to use as supports in the catalysis of substitutions, additions, (^eliminations, 
rearrangements, oxidations and reductions. More specifically, they are useful in hydroformylation and carbonylatiori 
reactions and the Wacker process. 
3d [0058] In carbohylation reactions, a catalyst-loaded fibril aggregate is prepared by absorbing a solution of the carb- 
onylation catalyst, such as rhodium chloride and triphenyl phosphine, in a higher boiling point solvent, such as mesit- 
ylene or pseudocumene, into dry fibril aggregates, such as bird nest aggregates. 

[0059] The carbonylation reaction is carried out by contacting a vapor phase feedstock with the catalyst at appropriate 
temperatures and pressures. The feedstock mixture may be, e.g., carbon monoxide, methyl acetate, methyl iodide and 
35 solvent. The feedstock is absorbed and molecularly dispersed in the catalyst solution and reacts in the liquid phase. 
The reaction can be carried out in a slurry phase reaction as previously described or in a fixed bed reaction. 
[0060] The products of reaction, such as acetic anhydride and/or acetic acid and byproducts, are removed from the 
fibril aggregate particles by vaporization or filtration. 

[0061] In the Wacker Process, a catalyst-loaded fibril aggregate is prepared by absorbing a catalyst, such as palla- 
40 dium chloride, copper chloride, potassium chloride or lithium chloride, in a solvent such as water, into dry fibril aggre- 
gates. The loaded catalyst is then placed into a slurry phase or fixed bed reactor and vapor phase reactahts, such as 
ethylene, oxygen and hydrogen chloride, are passed through the bed at appropriate partial pressures and temperatures. 
The products, such as acetaldehyde and water can be separated from the catalyst by vaporization or filtration. 

45 EXAMPLES 

[0062] Examples I through VII describe the preparation of supported catalysts in accordance with the invention for 
various chemical processes and their use in those processes, 

so EXAMPLE j. 

[0063] This example describes the preparation by incipient wetness of a fibril aggregate-supported catalyst for a 
liquid phase slurry, precious metal hydrogenation and the use of the catalyst in the hydrogenation of phenol to cy- 
clohexanone/ cyclohexanol. 

55 [0064] A sample of BN fibril aggregates (void volume of 7.0 cc H 2 0/g) is washed extensively with 6 IM HCI, distilled 
water, and is then dried. 1 0.0 g of the dry aggregates are added to a 1 liter 2-neck flask equipped with a 100 cc long- 
stem addition funnel and a stopcock attached to a vacuum source. The fibril sample is degassed at 0.1 mm Hg. Eighty 
cubic centimeters of 0.01 35M solution of PdCI 2 (from AESAR) in 6 N HC! is added to the addition funnel. While siiii 
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under vacuum, the solution is slowly and carefully added to the dry, degassed fibrils. The flask is shaken frequently to 
mix the partially wetted fibrils as the addition is performed. Addition is continued until the point of saturation is just 
reached. A total of 72.5 cc is added. The flask is then placed onto a rotary evaporator and is dried at 0.1 mm Hg and 
80°C for several hours. The dried catalyst is reduced by reaction with 5% H 2 in a 2 inch quartz tube at 200°C until the 

5 gaseous effluent no longer tests positive for CI". Nominal loading on the catalyst is 1.1% palladium by weight. 

[0065] The test for catalytic activity is performed in a 50 cubic centimeter stainless steel autoclave at 160°C and a 
total pressure of 5 atmosphere. Products are analyzed on a Varian 3700 gas chromatograph using a capillary SPB-5 
column. Ten grams of phenol (Aldrich Chemical, ACS Reagent) is loaded in the autoclave with 0.2 g of the catalyst. 
The autoclave is sealed and all air is removed by purging twice with argon. The autoclave is then heated under an 

to atmosphere of H 2 with stirring (800 rpm) to 100°C, after which the pressure regulator for the system Is set to 5 atm 
and the temperature controller set for 1 60°C. On reaching these conditions, reaction is allowed to proceed for 1 5 min. 
A 1.0 cc sample is withdrawn every 5 min. for analysis. The rates of formation for cyclohexanone and cyclohexanol 
are 16.0 and 0.12 g/g cat-s or liters per gram of catalyst-second, respectively. 

15 EXAMPLE ». 

[0066] This example describes the preparation of a fibril aggregate-supported catalyst for the Fischer-Tropsch proc- 
ess and the use of the catalyst in that process. 

[0067] Teh grams of BN fibril aggregates (void volume, 7.0 cc/g) is dispersed with 600 cubic centimeters of deionized 
20 water for 2 minutes in a Waring blender to form a thick paste. This is then slurried with an additional 1 liter of water in 
a 3 liter 3-neck indented flask fitted with a top stirrer. One hundred twenty grams of 41% Fe(N0 3 ) 3 from Blue Grass 
Chemical is added to the slurry and, with vigorous stirring, is neutralized with a solution of 20 weight percent potassium 
carbonate to a pH >7. The slurry is filtered and washed lightly and then Is dried at 1 60°C in a convection oven. Nominal 
loading of the catalyst is 1 .1 g of iron per gram of carbon fibril aggregate. 
25 [0068] The catalyst is ground and reduced in H 2 at 350 P C for 6 hrs. It is added to a fluidized bed reactor at 340°C 
and charged with a 6/1 ratio of Hg/CO at 2.5 MPa and at sufficient velocity to maintain a fluidized bed. After equilibrium 
is reached, analysis by gas chromatography of the liquid product collected downstream is: 
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Fraction 
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Olefins 


70 


60 


Paraffins 


13 


15 


Oxygenates 


12 


10 


Aromatics 
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EXAMPLE M. 

[0069] This example describes the preparation of a fibril aggregate-supported Fe^^MgO catalyst for an ammonia 
synthesis process arid the use of the catalyst in an ammonia synthesis process. 

40 [0070] Magnesia (Martin Marietta MagChem 50) {29.6 grams) is slurried with deionized water at 80°C for 3 hrs. and 
is then allowed to cool. BN fibril aggregates (3.3 grams) (void volume 7.0, surface area 290 M 2 /g) is added to the MgO/ 
Mg(OH) 2 slurry and the mixture stirred in a Waring blender for 2 min. 67.6 g of a 41% solution of Fe(N0 3 ) 3 in deionized 
Water is mixed with a solution of 2.1 7 g ammonium para-molybdate in deionized water, yielding a clear, orange-brown 
solution. This solution is added to the MgO/Mg(OH) 2 fibril aggregate slurry with vigorous mixing at a steady dropwise 

45 rate. The resulting slurry is black. The slurry is filtered and washed twice with 1 N ammonium acetate by reslurrying 
and refiltering. The filter cake is dried at 1 60°C for 1 8 hrs., then calcined at 400°C for 4 hrs. The nominal composition 
of the calcined catalyst is: 33% Fe 2 0 3 , 6.5% Mo0 3> 48.5% MgO, 12% fibril aggregates. 

[0071] The catalyst is reduced in a H 2 stream by gradually increasing the temperature from 75 b C to 425°C over a 
12 hr. period, followed by 24 hrs. at 425°C. At the end of this time, heat is removed. When the temperature reaches 
50 ambient temperature, H 2 is purged with argon. The catalyst is then exposed to a 1 0% CO^argon gas stream to partially 
reoxidize the reduced Fe, which is otherwise pyrophoric. 

[0072] The catalyst Is tested for ammonia synthesis in a fixed bed reactor 8.0 g (23.8cc) of catalyst is loaded in a 
3/4" tube. Reaction is earned out at 480°C and 25 MPa total pressure with a 3/1 ratio of l-yN^ The exit gas contains 
8% NH 3 , 23% N 2 and 69% H 2 . This corresponds to a 1 5% conversion to NH 3 . 

55 
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EXAMPLE IV. 

[0073] This example describes the preparation of a fibril aggregate-supported catalyst for a hydrodesulfurization 
process by pore filling arid the use of the catalyst in a hydrodesulfurization process. 
5 [0074] Ten grams of BN carbon fibril aggregates (void volume 7 cc/g) is dispersed in a mixture of 600 cc of a solution 
that is 0.44 M in Co(N0 3 ) 2 - 6H20 (25.75% CoO) and 0.20 M in ammonium paramolybdate (81 .53% Mo0 3 ) in a Waring 
blender for 2 minutes. The slurry is filtered and without further washing, dried at 1 25°C. The dried catalyst is calcined 
at 230°C for 6 hours. The catalyst exhibits a nominal loading of 2.3 g CoO, 14.1 g M0O3 (671 ratio of Mo0 3 /CoO) and 
10.0 g fibril aggregates. 

10 [0075] The catalyst is activated by reduction at 325°C with a gas mixture containing 2.5% H 2 S in H 2 for 2 hrs. 

[0076] 0.1 g of catalyst is charged into a 500 cc stirred autoclave with 300 cc of 1 vol% solution of thiophehe in 
hexadecane. The reactor is charged to 80 atm with H 2 and the hydrodesulfurization reaction is earned out at 300°C. 
One cc samples are withdrawn and analyzed at 5 min. intervals and a pseudo first order rate constant for disappearance 
of thiophene is determined to be 4.5 x 10* 3 Ug cat-s. 

15 

EXAMPLE V. 

[0077] this example describes the preparation of a fibril aggregate-supported catalyst for a carbonylation process 
and the use of the catalyst in a carbonylation process. 
20 [0078] A homogeneous catalyst solution having 0.001 5M of RhCI 3 , 0.0005 M of Cr(CO) 6 and 0.005 M of triphenyl 
phosphine dissolved in pseudocumene is absorbed into the pores of 1 0 g of BN fibril aggregates (void volume, 7.0 cc/ 
g, surface area 290 rhgVg. 

[0079] The catalyst solution as a supported liquid phase within the fibril aggregates is loaded into a fixed bed reactor. 
The pressure in the reactor is Increased and controlled at 500 psig with CO and the temperature is increased to 200°C. 
25 a gas mixture comprising MeOAc, Mel and CO saturated with pseudocumene at 200°C and 500 psig is prepared such 
that the final composition of the gas stream is: 64% CO, 25% MeOAc, 10% Mel, 1 % pseudocumene. The gas mixture 
is fed into the fixed bed reactor whereupon MeOAc, Mel and CO dissolve in the supported liquid phase within the fibril 
aggregates and react to form acetic anhydride and acetic acid. Products are removed from the reactor by vaporization. 

so EXAMPLE VI. 

[0080] This example describes the preparation of a fibril aggregate-supported catalyst for the heterogeneous Wacker 
process and the use of the catalyst in a heterogeneous Wacker process. 

[0081] A homogeneous solution, 0.01 M in PdCI 2 , i.O M in CuCfe and 0.001 M in LiCI, is absorbed into the pores of 
35 1 o,0 g BN fibril aggregates (void volume, 7.0 cc/g, surface area 290 m2/g). 

[0082] The catalyst (83 cc) is loaded into a 1 " fixed bed reactor. A gas stream comprising 60% stream, 31% C 2 H 4 
and 9% 0 2 is fed at 11 0°C and 60 psig at a total GHSV of 360. Residence time Is approximately 10 sec. The effluent 
contains 18% CH 3 CHO, 16% cy-l*, 1% 0 2 and the balance, steam. 

40 EXAMPLE VIL 

[0083] This example describes the preparation of a fibril-supported catalyst for the oxidation of methanol to formal- 
dehyde and the use of the catalyst in that process. 

[0084] A catalyst is prepared by absorbing a solution that is 0.004 M in ammonium paramolybdate [ (NH 4 ) 6 Mo 7 024 
45 . 4H20], 0.015 M in Fe(N0 3 ) 3 and 0.5 M in citric acid into 10.0 g BN fibril aggregates (void volume 7.0 cc/g, surface 
area 290 rr^/g). The impregnated catalyst is dried at 110°C and calcined at 240°C for 4 hrs. Nominal composition of 
the catalyst is 0.65% Fe 2 0 3 , 2.3% Mo0 3 and 97% Fibril Aggregates. 

[0085] The reactor is a quartz tube, 32 mm OD x 1 000 mm long fitted with a porous fritted glass disc (1 0-20 micron). 
The bed length is 425 mm. The process is carried out at 240°C and atmospheric pressure with a gas stream comprising 
so 6% MeOH/94% air (vol) at a total gas rate of 125 1/hr. Analysis of products by gas chromatography shows a 98% 
conversion of MeOH with a selectivity to CH 2 d of 96%. CO (2.5%), C0 2 (0.2%) and methyl formate (0.5%) are also 
detected. 



55 Claims 

1 . A supported catalyst for conducting a fluid phase catalytic chemical reaction comprising 
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(a) a catalyst support comprising a carbon fibril aggregate, said fibril aggregate comprising a plurality of carbon 
fibrils having an outer region of multiple, essentially continuous, generally parallel layers of ordered carbon 
atoms that are graphitic; and 

(b) a catalytically effective amount of a catalyst supported on said aggregate. 

5 

2. A supported catalyst as recited in claim 1 wherein the carbon fibril aggregate is substantially free of micropores 
having a diameter less than 20 A. 

3. A supported catalyst as recited in claim 1 wherein the fibrils have a fishbone morphology. 

10 

4. A supported catalyst for conducting a fluid phase catalytic chemical reaction comprising 

(a) a catalyst support comprising a carbon fibril aggregate, said fibril aggregate comprising a plurality of carbon 
fibrils having ah outer region of multiple essentially continuous, generally parallel layers of ordered graphitic 

15 carbon atoms disposed substantially parallel to the central axis of said fibril, a preponderance of said fibrils 

having an externaldiameter of about 3.5 to 75 nanometers and a length to diameter ratio of at least 5, and; 

(b) a catalytically effective amount of a catalyst supported on said aggregate. 

5. A supported catalyst as recited in claim 4 wherein said fibril aggregate comprises fibrils randomly entangled with 
■ 20 each other to form entangled balls, bundles of straight to slightly bent or kinked carbon fibrils having substantially 

the same relative orientation, or straight to slightly bent or kinked fibrils which are loosely entangled with each other. 

6. A supported catalyst as recited in claim 4 wherein the carbon fibril aggregate is substantially free of micropores 
having a diameter less than 20 A. 

25 

7. A supported catalyst as recited in claim 4 wherein said fibril aggregate has a porosity from about 2 to about 8 ml/gm. 

8. A supported catalyst as recited in claim 4 wherein said fibril aggregate has a porosity from about 5 to about 8 ml/gm. 

30 9. A supported catalyst as recited in claim 4 wherein said fibril aggregate has a minimum size of about 0.5 micron 
on attrition. 

10. A supported catalyst as recited in claim 5 wherein said fibril aggregate comprises entangled balls. 

35 11. A supported catalyst as recited in claim 5 wherein said fibril aggregate comprises loosely entangled fibrils. 

12. A supported catalyst as recited in claim 4 wherein said fibril aggregate has a specific surface area of at least about 
250 m 2 /gm. 

40 13. A supported catalyst as recited in claim 4 wherein said fibril aggregate comprises essentially pure carbon. 

14. A supported catalyst as recited in claim 4 wherein said fibril aggregate is surface oxidized. 

15. A supported catalyst as recited in claim 4 wherein the catalyst is selected from ruthenium, osmium, rhodium, 
45 iridium, palladium, platinum or a mixture thereof. 

16. A supported catalyst as recited in claim 4 wherein the catalyst is palladium. 

17. A supported catalyst as recited in claim 15 wherein the catalyst is platinum. 

50 

18. A supported catalyst as defined by claim 1 wherein said catalyst comprises a substitution reaction catalyst, an 
addition reaction catalyst, a 0-elimiriation reaction catalyst, a rearrangement reaction catalyst, an oxidation reaction 
catalyst, a reduction reaction catalyst or two or more of the foregoing catalysts. 

55 19. A supported catalyst as recited in claim 1 wherein said catalyst comprises a hydrogenation catalyst, a Fischer- 
Tropsch catalyst, ah ammonia synthesis catalyst, a hydrodesulf urization catalyst, a carboxylation catalyst, a Wack- 
er process catalyst, a discrete fibril-forming catalyst or a fibril aggregate-forming catalyst. 
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20. A supported catalyst as recited in claim 1 wherein the amount of catalyst in the supported catalyst is greater than 
about 0.01 weight percent based on the weight of the supported catalyst. 

21. A supported catalyst as recited in claim 1 wherein the amount of catalyst in the supported catalyst is greater than 
5 about 50 weight percent based on the weight of the supported catalyst. 

22. A process for performing a catalytic chemical reaction in fluid phase comprising contacting at least one reactant 
in fluid phase under suitable reaction conditions with a supported catalyst that comprises 

10 (a) a catalyst support comprising a carbon fibril aggregate, said fibril aggregate comprising a plurality of carbon 

fibrils having an outer region of multiple essentially continuous, generally parallel layers of ordered graphitic 
carbon atoms; and 

(b) a catalytically effective amount of a catalyst supported on said aggregate. 

is 23. A process for performing a catalytic chemical reaction in fluid phase comprising contacting at least one reactant 
in fluid phase under suitable reaction conditions with a supported catalyst that comprises 

(a) a catalyst support comprising a carbon fibril aggregate, said fibril aggregate comprising a plurality of carbon 
fibrils having an outer region of multiple essentially continuous, generally parallel layers of ordered graphitic 

20 carbon atoms disposed substantially parallel to the central axis of said fibril, a preponderance of said fibrils 

having an external diameter of about 3.5 to 75 nanometers and a length to diameter ratio of at least 5, and; 

(b) a catalytically effective amount of a catalyst supported on said aggregate. 

24. A process as recited in claim 23 wherein said process further comprises separating said supported catalyst from 
25 one or more products of said reaction. 

25. A process as ecited in claim 23 wherein said process further comprises recycling said supported catalyst to said 
process for contacting said reactant after separating the supported catalyst from said one or more products. 

30 26. A process as recited in claim 23 where said reaction is conducted in the liquid phase. 

27. A process as defined by claim 23 wherein said reaction is conducted in the gas phase. 

28. A process as recited in claim 23 wherein the reaction is conducted in a liquid phase slurry reactor, a trickle bed 
35 reactor or a flu idized bed reactor. 

29. A process for performing a catalytic chemical reaction comprising 

(a) introducing a reactant in vapor phase into a reaction zone containing a f ibril aggregate-supported catalyst 
40 that comprises 

(i) a catalyst support comprising a carbon fibril aggregate, said fibril aggregate comprising a plurality of 
carbon fibrils having an outer region of multiple essentially continuous, generally parallel layers of ordered 
graphitic carbon atoms disposed substantially parallel to the central axis of said fibril, a preponderance 

45 of said fibrils having an external diameter of about 3.5 to 75 nanometers and a length to diameter ratio of 

at least 5, and 

(ii) a catalytically effective amount of an active catalyst supported on said aggregate, the active catalyst 
being contained within a liquid phase within the said aggregate; arid 

50 (b) absorbing the reactant into the said liquid phase to conduct said reaction. 

30. A process for making a supported catalyst for conducting a fluid phase catalytic chemical reaction comprising 
depositing a catalytically effective amount of a catalyst on carbon fibril aggregate that comprises a plurality of 
carbon fibrils, a preponderance of which have an external diameter of about 3.5 to about 75 nanometers, a length- 

55 to-diameter ratio of at least about 5 and graphitic layers disposed in substantially parallel relation to the central 

axis of the fibril. 

31. A process as recited in claim 30 wherein the catalyst is a multicomponent catalyst that is deposited on the fibril 
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aggregate in a single step. 

32. A process as recited in claim 30 wherein the catalyst is a multicomponent catalyst that is deposited on the fibril 
aggregate in multiple sequential steps. 

33. A process as recited in claim 30 wherein the catalyst and at least one other material are coprecipitated on the fibril 
aggregate. 

34. A process as recited in claim 30 wherein the surface of the individual fibrils in the aggregate are modified to increase 
surface area. 

35. A process as recited in claim 30 wherein the chemical properties of the surfaces of the individual fibrils in the 
aggregate are modified to support the catalyst. 

1 . A supported catalyst for conducting a fluid phase catalytic chemical reaction which comprises: 

(a) a catalyst support comprising a carbon fibril aggregate and a cosupport material, the fibril aggregate 

(i) comprising a plurality of carbon fibrils having an outer region of multiple, essentially continuous, gen- 
erally parallel layers of ordered graphitic carbon atoms, wherein the graphitic carbon atoms are disposed 
substantially parallel to the central axis of said fibrils, 

(ii) said individual fibrils having an external diameter in the range of 3.5 to 70 nm and a length to diameter 
ratio of at least 5, and the pores formed between the fibrils being mesopores or micropores, wherein the 
carbon fibril aggregate is substantially free of micropores having a diameter less than 20A, and has a 
porosity from 2 to 8 ml/gm and a specific surface area of at least 250 m 2 /gm and less than 1 000 m 2 /gm; arid 

(b) a catalytically effective amount of a catalyst supported on said catalyst support. 

2. A supported catalyst according to claim 1 , wherein the cosupport material comprises alumina, magnesia, silica, 
silica-alumina, silica-magnesia, molybdena or a zeolite, 

3. A supported catalyst according to claim 1 , wherein the supported catalyst is a coordination complex of a catalytic 
transition metal and a ligand. 

4. A supported catalyst according to claim 3, wherein the supported catalyst is a coordination complex of a catalytic 
transition metal selected from palladium, rhodium, or platinum. 

5. A supported catalyst according to claim 3, wherein the ligand is phosphine. 

6. A supported catalyst according to claim 1 , wherein the supported catalyst is selected from iron, chromium, molyb- 
denum, nickel or copper. 

7. A supported catalyst according to claim 1 , wherein the supported catalyst is selected from ruthenium, osmium, 
rhodium, iridium, palladium, platinum, or a mixture thereof. 

8. A supported catalyst according to claim 1 , wherein the supported catalyst is ferric oxide. 

9. A supported catalyst according to claim 1, wherein said catalyst comprises a substitution reaction catalyst, an 
addition reaction catalyst, a p-elimihation reaction catalyst, a rearrangement reaction catalyst, an oxidation reaction 
catalyst, a reduction reaction catalyst or two or more of the foregoing catalyst 

10. A supported catalyst according to claim 1, wherein said catalyst comprises a hydrogenation catalyst, a Fischer- 
Tropsch catalyst, an ammonia synthesis catalyst, a hydrodesulf uri2ation catalyst, a carboxylation catalyst, a Wack- 
er process catalyst, a discrete fibril-forming catalyst or a fibril aggregate-forming catalyst. 

11 . A process for making a supported catalyst for conducting a fluid phase catalytic chemical reaction comprising: 

adsorbing a catalyst or a catalyst precursor onto a carbon fibril aggregate and a cosupport material until the 
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carbon fibril aggregate and the cosupport material are saturated with the catalyst, 
wherein said carbon fibril aggregate is defined in claim 1 . 
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